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phate	 reduction	 (MSR).	While	 petrographic	 evidence	 for	Archaean	 early-	diagenetic	
pyrite	 formation	 is	common,	 textural	evidence	 for	 the	presence	and	distribution	of	
MSR	 remains	 enigmatic.	 We	 combined	 detailed	 petrographic	 and	 in	 situ,	 high-	
resolution	multiple	S-	isotope	studies	(δ34S and Δ33S)	using	secondary	ion	mass	spec-
trometry	(SIMS)	to	document	the	S-	isotope	signatures	of	exceptionally	well-	preserved,	
pyritised	microbialites	 in	 shales	 from	 the	 ~2.65-	Ga	 Lokammona	 Formation,	 Ghaap	
Group,	South	Africa.	The	presence	of	MSR	in	this	Neoarchaean	microbial	mat	is	sup-
ported	 by	 typical	 biogenic	 textures	 including	 wavy	 crinkled	 laminae,	 and	 early-	
diagenetic	 pyrite	 containing	 <26‰	 μm-	scale	 variations	 in	 δ34S and 











The	 sulphur	 isotope	 record	 has	 played	 an	 integral	 role	 in	 shaping	
our	 understanding	 of	 key	 events	 in	 Earth’s	 geological	 and	 biolog-
ical	 history.	 Surficial	 S-	cycling	 principally	 involves	 biological	 and	
abiotic	 mass-	dependent	 fractionation	 (MDF)	 processes,	 which	
follow	a	thermodynamically	determined,	linear	δ33S/δ34S	relationship	
(δ33S = 0.515 × δ34S).	However,	 the	 geological	 S-	isotope	 record	 also	
captures	 evidence	 of	 mass-	independent	 fractionation	 (MIF),	 where	
δ33S and δ34S	deviate	from	the	predicted	terrestrial	mass	fractionation	
line,	 quantified	 by	 the	 capital-	delta	 (Δ)	 notation.	 Prior	 to	 the	Great	
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positive	and	negative	Δ33S	values.	After	~2.4	Ga,	Δ33S	 ratios	dimin-
ish	towards	values	that	tightly	cluster	around	zero	(Δ33S	=	0	±	0.2‰).	
Archaean	 sulphur	 MIF	 has	 been	 widely	 attributed	 to	 atmospheric	
photochemical	 reactions	 involving	 SO2;	 these	 reactions	would	 have	
been	blocked	in	the	Palaeoproterozoic	due	to	the	UV-	shielding	effects	




























After	 formation,	 the	 photochemically	 derived	 sulphur	 species,	
generally	 assumed	 to	 be	 sulphate	 (SO2−
4
)	 and	 elemental	 sulphur	 (Sn),	
were	deposited	in	the	oceans.	Sulphate	is	soluble	in	water	and	would	


















Despite	 the	 narrative	 outlined	 above,	 there	 remain	 several	 poorly	
constrained	 aspects	 of	 the	 Archaean	 sulphur	 cycle.	 Firstly,	 the	 Δ33S 






S-	isotope	 ratios	 that	 largely	 follow	 a	 linear	 trend	 in	 δ34S	versus	Δ33S 
along	an	Archaean	reference	array.	Combining	these	data	with	photo-
chemical	models,	Ono	 et	al.	 (2003)	 suggested	 that	 the	Δ33S	 sign	was	
positive	for	elemental	sulphur	and	negative	for	sulphate.	Furthermore,	
















Gade,	 Thamdrup,	 Berg,	 and	 Canfield	 (2002)	 used	 culturing	 experi-
ments	of	modern	sulphate	 reducers	 to	observe	decreasing	 fraction-
ation	factors	with	decreasing	sulphate	concentrations.	Assuming	this	
relationship	 can	 be	 extrapolated	 into	 the	Archaean,	 they	 estimated	
seawater	 sulphate	 concentrations	 at	 <200	μM.	 However,	MSR	 frac-
tionation	 factors	 are	dependent	on	microbial	 species	 (Bradley	et	al.,	
2016)	 and	 other	 factors	 including	 reduction	 rate,	 type	 of	 substrate	
and	temperature	(e.g.,	Fike	et	al.,	2009;	and	references	therein).	More	
recent	 results	 have	 suggested	Archaean	 seawater	 sulphate	 concen-
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the	 array,	 Kamber	 and	Whitehouse	 (2007)	 proposed	 spheroidal	 py-
rite	concretions	capture	an	MSR	S-	isotope	fingerprint	in	the	2.52-	Ga	
Upper	 Campbellrand	 Subgroup,	 Transvaal,	 South	 Africa.	 Moreover,	
Fischer	et	al.	(2014)	showed	that	δ34S	in	nodular	pyrite	were	charac-
terised	by	systematic	enrichment	 towards	 the	 rims	 (with	 the	 lowest	
δ34S	signature	present	in	the	centre	of	the	nodules).	Additional	studies	
in	the	Griqualand	West	Basin	are	required	to	test	whether	these	tex-
tural	 and	geochemical	 interpretations	 can	be	applied	 to	pyrite	 from	
other	palaeoenvironments	and	depositional	ages.
To	 address	 these	 gaps	 in	 our	 current	 understanding	 of	Archaean	
sulphur	 cycling,	we	measured	 in	 situ,	 μm-	scale,	 multiple	 sulphur	 iso-
tope	 ratios	 (δ34S and Δ33S)	 in	 exceptionally	 well-	preserved	 pyritised	









2  | MATERIALS AND METHODS
2.1 | Geological setting and core material













upward	 cycles.	 They	 also	 noted	 the	 presence	 of	 microbial	 laminites,	



















of	 St	 Andrews	 (Scotland,	 UK)	 to	 image	 thick	 sections	 of	 sample-
	3184.	This	facilitated	the	detailed	mapping	of	structures	and	fabrics	
within	the	sample	and	selection	of	target	areas	for	SIMS.	Backscatter	
electron	 (BSE)	 imaging	was	 carried	 out	 using	 the	 School	 of	 Earth	
and	 Environmental	 Sciences’	 Jeol	 JCXA-	733	 Superprobe	 electron	
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using	 the	 CAMECA	IMS	 7f-	GEO	 secondary	 ion	 mass	 spectrome-







Samples	 were	 outgassed	 in	 an	 ancillary	 chamber	 at	 <1	×	10−8 
mB	 prior	 to	 analysis,	 and	 the	 pressure	 in	 the	 sample	 chamber	was	
allowed	 to	 equilibrate	 for	 >1	hr	 after	 sample	 introduction,	 prior	 to	
analysis.	Thick	sections	were	analysed	in	a	vacuum	with	a	pressure	of	
3 × 10−9	mB.	A	focused	~2	μm	Cs+	primary	ion	beam	of	0.9–1.8	nA	was	
rastered	over	a	10	μm by 10 μm	area	of	 interest.	Each	measurement	

















































level	 for	FC1	was	~3	×	104	 counts/s	and	 for	FC2	~3	×	103	 counts/s.	
















ited	 by	 counting	 statistics	 (Fike	 et	al.,	 2009).	Anomalous	 data	were	
omitted	 from	 further	 analysis	 if	 any	 of	 the	 following	 applied	 to	 the	
measurement:
1. The	 sputter	 area	 clearly	 targeted	 only	 matrix	 as	 subsequently	




After	 excluding	 the	 anomalous	 measurements,	 the	 internal	 error	













On	 average,	 a	 session	 consisted	 of	 ~50	 measurements	 of	 un-
knowns	and	was	bracketed	by	≥4	measurements	of	the	in-	house	stan-




and δ33S	=	1.00	±	0.32‰	 (1σ; n	=	35;	 relative	 to	V-	CDT).	Therefore,	
the	IMF	(IMF	=	Rraw/Rknown)	was	typically	1.000	and	1.001	for	
34R and 












posed	 of	 silt-	sized	 particles	 (~40	μm)	 of	 aluminosilicates	 (clay	 min-













1	 and	 type	 2	 pyrites	 are	 chemically	 distinct	 phases,	 as	 determined	
from	BSE	images	(Figures	4	and	S6).

















3.2 | Multiple sulphur isotope data
All	 the	 SIMS	 data	 measured	 in	 sample-	3184	 are	 presented	 in	
Figure	5.	 There	 is	 no	 obvious	 stratigraphic	 trend;	 however,	 there	 is	
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4.1 | Early- diagenetic (type 1) pyrite
Laminae	 composed	 of	 type	 1	 pyrite	 are	 wavy	 and	 crinkled	 on	 a	
sub-	mm	 scale	 (Figures	3	 and	 4)	 and	 are	 consistent	 with	 sedimen-
tary	 structures	 that	have	been	microbially	 induced	 (Noffke,	2009).	
Prokaryotes	 and	 eukaryotes	 in	 microbial	 mats	 produce	 a	 matrix	
of	 extracellular	 polymeric	 substances	 (EPS),	 which	 are	 composed	
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of	 polysaccharides,	 proteins,	 humic	 substances	 and	 nucleic	 acids	
(Nielsen,	 Jahn,	 &	 Palmgren,	 1997).	 The	 matrix	 has	 several	 physi-
cal	 functions,	 including	 adhesion	 to	 surfaces,	 aggregation	 of	 cells,	
stabilisation	of	microbial	mat	 structure,	 sorption	of	 exogenous	or-
ganic	molecules	and	retention	of	water	(Laspidou	&	Rittmann,	2002).	




is	eroded	and	 turned	over	at	 its	edges	 (Schieber,	1999).	However,	














































Wilbanks	 et	al.,	 2014),	 similar	 to	what	we	observe	here.	Thus,	 both	
textural	evidence	and	the	S-	isotope	composition	are	consistent	with	
the	 expected	 biosignatures	 of	 an	 ancient	 microbial	 mat	 containing	
sulphate	reducers.	The	26‰	range	in	δ34S	within	sample-	3184	could	









factors	 for	 MSR	 (αMSR	=	1,000	×	[
34Rsulphate/
34Rsulphide	 −	 1],	 where	
34R = 34S/32S)	and	variable	seawater	δ34Ssulphate	values.	Figure	5	shows	
that	 few	 data	 occur	 above	 18‰,	 and	 thus,	 the	 curve	 showing	 the	
δ34Ssulphide	of	the	instantaneous	product	must	be	in	the	distillative	tail	
when δ34Ssulphide	>	18‰.	Values	of	6‰–12‰	for	αMSR,	4‰–16‰	for	
δ34Ssulphate and f	values	 from	~0.5	 to	0.9	 are	 all	 consistent	with	 the	
data	(Figure	8).
This	 6‰–12‰	 estimate	 of	 αMSR	 is	 at	 the	 lower	 end	 of	 the	













































microbial	 mat,	 as	 inferred	 from	 (i)	 the	 biogenicity	 of	 sedimentary	
structures	like	wavy	crinkled	lamination,	(ii)	textural	evidence	of	early-	
diagenetic	 precipitation	 of	 type	 1	 pyrite,	 and	 (iii)	 models	 of	 type	 1	
pyrite	δ34S	values	supporting	plausible	MSR	fractionation	factors	ex-
pressed	within	a	restricted	seawater	sulphate	pool.
4.2 | Secondary (type 2) pyrite
As	discussed	above,	simple	cross-	cutting	relations	suggest	type	2	py-
rite	precipitated	after	 type	1	pyrite	 formation	and	post-	lithification,	
because	 it	 overgrows	 deformed	 aggregates	 of	 type	 1	 pyrite,	 and	 it	
cross-	cuts	 a	 normal	 microfault	 with	 vein	 infill	 (Figure	4).	 The	 low	
standard	 deviation	of	 type	 2	 pyrite	 S-	isotope	 ratios	 suggests	 these	






01	 (a	 core	 sampling	 deeper	water	 equivalents	 of	 the	 BH1-	SACHA;	











is	 less	 likely,	 due	 to	 its	 inferred	 later	 timing	 of	 formation	 based	 on	
the	 petrographic	 relationships	we	 describe	 above.	As	 type	 1	 pyrite	


























graphic	 relationships	suggest	 type	2	pyrite	 formed	post-	lithification,	
not	coevally	with	type	1	pyrite	during	diagenesis	(Figure	4).	Therefore,	
type	2	pyrite	in	sample-	3184	unlikely	formed	from	an	elemental	sul-





The	 BH1-	SACHA	 core	 has	 been	 altered	 by	 several	 post-	
depositional	 hydrothermal	 events	 that	 could	 have	 caused	 multi-
generational	 pyrite	 genesis.	 Stratigraphic	 logs	 indicate	 evidence	 of	
secondary	 mineralisation	 of	 galena,	 ~20	m	 stratigraphically	 higher	








is	 supported	 by	 regional	 geological	 evidence;	 a	 platform-	wide	 fluid	
flow	event	at	~2.0	Ga	could	have	caused	the	Pb-	Zn-	Cu-	mineralisation	
in	 the	 Campbellrand	 Subgroup,	 Ghaap	 Group.	 Huizenga,	 Gutzmer,	
Greyling,	and	Schaefer	(2006)	sampled	Mississippi	Valley-	type	(MVT)	
deposits	 in	 the	 Griqualand	 West	 area,	 ~100–120	km	 straight-	line	
distance	from	Kathu.	They	estimated	a	regional	fluid	temperature	of	
200–240°C	and	pressure	of	0.8–1.5	kbar	during	mineralisation	of	the	
MVT	 deposits.	 It	 is	 possible	 that	 BH1-	SACHA	 experienced	 similar	




sections	 of	 Archaean	 Transvaal	 Supergroup	 rocks	 (including	 rocks	
that	were	 sampled	by	 the	BH1-	SACHA	core)	 as	well	 as	Proterozoic	
Waterberg	and	Olifantshoek	Groups	were	horizontally	displaced	and	
now	 lie	 unconformably	on	 the	 autochthonous	Archaean	package	of	
rocks	(Altermann	&	Wotherspoon,	1995;	Martini,	Eriksson,	&	Snyman,	
1995).	 The	 age	 assigned	 to	 thrusting	 ranges	 from	 2.20	 to	 1.75	Ga	
(Grobbelaar,	 Burger,	 Pretorius,	Marais,	 &	Van	Niekerk,	 1995).	 If	 the	













The	 geological	 evidence	 therefore	 suggests	 sulphur	 could	 have	




























from	the	above	sources	could	have	contributed	 to	 the	 formation	of	
type	2	pyrite	and	 its	associated	S-	MIF	signal:	one	via	thermochemi-
cal	sulphate	reduction	of	S-	bearing	fluids	from	a	more	recent	sulphur	











isotope	effects	 (MIE).	 In	 the	 sulphur	 isotope	 system,	 the	 33S-	isotope	
contains	magnetic	nuclei;	during	TSR,	33S	undergoes	the	spin-	selective	
reaction	faster	than	34S and 32S.	This	results	in	an	anomalous	enrichment	
of 33S	 relative	 to	34S	 in	 the	polysulphide	product,	and	 therefore,	 the	
TSR	product	carries	a	positive	Δ33S	signal	(Oduro	et	al.,	2011).
Thermochemical	 sulphate	 reduction	 occurs	 at	 100–300°C	
(Johnston,	 2011);	 these	 temperatures	 are	 equivalent	 to	 sub-	
greenschist	to	greenschist	facies,	which	correspond	to	the	maximum	
metamorphic	 grade	 that	 the	 lower	 Transvaal	 Supergroup,	 including	
BH1-	SACHA,	experienced	during	intrusion	of	the	Bushveld	Complex	
in	 the	 Palaeoproterozoic	 (Sumner	 &	 Beukes,	 2006).	 Therefore,	 the	
temperature	 regime	 during	 contact	 metamorphism	 of	 BH1-	SACHA	
and	the	surrounding	rocks	was	sufficiently	high	to	support	TSR.	The	
petrographic	evidence	and	 isotope	fingerprint	of	 type	2	pyrite,	cou-
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5  | CONCLUSIONS












(Figure	8).	 These	 values	 are	 consistent	 with	 previous	 estimates	 of	
the	 δ34S-	isotope	 composition	 of	 Archaean	 sulphate	 (e.g.,	 Domagal-	
Goldman	et	al.,	2008;	Guo	et	al.,	2009;	Paris	et	al.,	2014).	However,	
the	S-	isotope	composition	of	seawater	sulphate	may	have	been	spa-
tially	and	temporally	variable,	particularly	at	 the	 low	sulphate	 levels	







assessing	 the	 S-	isotope	 composition	of	CAS	will	 help	 constrain	 the	
evolution	of	seawater	sulphate	δ34S and Δ33S	during	the	Archaean.
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